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The purpose of this study is to investigate the fatigue behavior of the SUS 430 Stainless Steel after the
tensile pre-deformation is subjected to a symmetric loading. The investigations have been performed
in three levels of pre-deformation. Cyclic deformation following pre-deformation was carried out in
tension-compression fatigue test experiment at room temperature. The pre-deformation was induced
on the specimen by a tensile test under strain control at 5%, 8%, and 12% strain level at a strain rate of
104 s1, respectively. In this paper, the effects of the cyclic deformation behaviors with different pre-
strain levels were compared with the fatigue responses without pre-strain. Based on the comparison,
it is found that the pre-strain caused evident changes in fatigue behaviors such as cyclic softening
response, cyclic creep response, and cycles to failure. Generally, as compared to the as-received material,
the softening response increased with increasing pre-strain level. A pronounced cyclic compressive creep
occurred in the specimen with and without pre-strain level effect in all applied loading cases. This could
be attributed to an-isotropy between tension and compression, resulting in the occurrence of compres-
sive cyclic creep on the tested material during cyclic loading. Moreover, the stable total compressive
creep strain scaled with increasing tensile pre-strain level for same cyclic loading. For the effect of
pre-strain on fatigue resistance, a decrease in the number of cycles to failure was observed and the extent
of the decrease also increased with increasing tensile pre-strain level under the same loading amplitude
condition. In this paper, three damage parameters, DWp,Wf, and raea , are respectively used to predict the
number of cycles to failure of the tested material with tensile pre-strain effect. In the plot of observed
versus predicted cycles, it is observed that most of the data points are located within the bound of factor
two for the three damage parameters. Consequently, it is conﬁrmed that the three damage parameters
could provide satisfactory predictions for the tested material with a tensile pre-strain effect.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
For practical component and work-piece during the production
process, engineering materials often undergo a mechanical prehis-
tory and the pre-deformations are usually induced on materials.
The behaviors of the used engineering material after pre-straining
are often profoundly altered. Therefore, the respective materials in
engineering applications need to be evaluated for the effect arising
from pre-deformation on the subsequent cyclic deformation
behavior and cyclic life. However, the degree of the variations in
the subsequently material behaviors such as mechanic properties,
plastic performance, creep behavior, fatigue resistance and etc. is
more sensitive to the degree of the induced pre-strain and the ap-
plied type of loading which leads to the occurrence of pre-strain.
Essentially, the pre-strain causes a change in micro-structuralll rights reserved.
+886 5 2717647.
g).alternation and yields variations in various mechanic behaviors.
Hence the variations in material response due to the pre-strain
are investigated on the basis of experimental observation in sev-
eral papers (Froustey and Lataillade, 2008; Giacometti et al.,
2001; Kang et al., 2007; Mall et al., 2003; Ratchev et al., 1998; Rob-
ertson et al., 2008; Waterloo et al., 2001; Whittaker and Evans,
2009). For some materials in (Froustey and Lataillade, 2008; Kang
et al., 2007; Robertson et al., 2008; Whittaker and Evans, 2009), it
has been found that the tensile plastic pre-strain can cause a
change in subsequent fatigue behavior under cyclic loading as
compared to the as-received material. This can be attributed that
the tensile pre-strain leads to the variation of cyclic stress–strain
response for cyclic loading. For the above reason, a monotonic
loading process under strain mode is employed to produce the ini-
tial pre-strain on the tested material in this paper and the effects of
the various pre-strain levels on material response were observed
for cyclic loading with a zero stress. The experimental results
and observations here provided a basis for a fundamental
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Fig. 1. Cyclic strain range responses of 430 Stainless Steel subjected to a symmetric
cyclic loading.
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tonic straining followed by a cyclic loading for the tested material.
With the consideration of tensile pre-strain effect, three damage
energy parameters, DWp, Wf, and raea, are applied to perform life
calculations with tensile pre-strain level effect. The tested material
is the 430 Stainless Steel.
2. Experiment
The material used in this study is 430 Stainless Steel. The com-
position of the steel is given in Table 1. For the as-received bar of
the tested material, cylindrical test specimen with a gage diameter
of 9 mm and a gage length of 30 mm were machined by the CNC
lathe. After machining, the gages of the surfaces of all specimens
were polished by a ﬁne emery paper to ensure a smooth surface.
In the study, ﬁrst, the tensile fracture tests with a crosshead rate
of 0.01 mm/sec were performed under stoke control mode in order
to obtain mechanical properties of the tested material. Meanwhile,
in order to investigate the inﬂuences of the tensile pre-strain on the
fatigue behaviors, tensile pre-strain conditions were established for
cycling tests at three levels, 5%, 8%, and 12%, which were carried out
under strain control mode at a strain rate of 104s1. For all speci-
mens in as-received condition and each given pre-strain condition,
constant amplitude fatigue tests at stress ratio of Rr = 1 were per-
formed using a triangular waveform with a frequency of 1Hz under
load control mode. The applied stress amplitude, ra, for the fatigue
tests was varied from 240 MPa to 380 MPa. All fatigue tests and the
tensile tests were carried on the servo-hydraulicmechanical testing
system (Instron 8501) at room temperature. During all mechanical
tests, a clipped-on axial extensometer with a 12.5 mm gage length
was used to measure the precise strain readings. In addition to the
software referred to as Max integrated to the testing system was
used to record the measured data throughout the fatigue tests.
From this log, the cyclic hysteresis loop curve, the cumulative creep
strain, and the cycles to failure for each test could be obtained.
Moreover, the number of cycles to failure, Nf, is deﬁned as the
appointed cycle when the corresponding hysteresis loop begin to
distort in next cycle and the Hook’s law is employed to calculate
the plastic strain in this study. Moreover, based on the results of
the tensile fracture tests and the deﬁnition of mechanic properties,
the mechanic properties of the as-received 430 Stainless Steel were
obtained and listed in Table 2.
3. Results and discussion
3.1. Cyclic response
The cyclic strain range responses of 430 Stainless Steel in
as-received condition cycled at the stress ratio of Rr = 1 and at
Table 1
Composition of 430 Stainless Steel in as-received condition (in wt%).
C Mn P S Si Cr Ni Mo Fe
0.071 0.361 0.020 0.314 0.738 17.84 0.37 0.10 remainder
Table 2
Measured tensile properties and mechanic properties for 430 Stainless Steel in as-
received condition.
E Sy,0.2% SU rf ef = ln (AO/Af)
GPa MPa MPa MPa %
159.21 429.1 545.8 980.2 94.12
R.A. = (Ao  Af)/Ao ef = DL/Lo UT K n
% % Gj/m3 MPa
60.97 46.14 22.9868 518.94 0.0455different stress ranges Dr are presented in Fig. 1. As shown in
Fig. 1, the cyclic strain range always decreases slightly at beginning
of the cycles. After the ﬁrst few cycles, a quasi-steady strain range
is gradually reached except when the applied stress range is
760 MPa. In the case of the 760 MPa stress range, the cyclic re-
sponse of strain range exhibits an immediate increase in the strain
range after the ﬁrst few cycles. It is inferred that the occurrence of
fatigue crack initiation is induced in the early cycles and results in
the crack propagation for the rest of the fatigue life of the material
tested at the stress range of 760 MPa. Moreover, it is found that the
higher stress level leads to greater cyclic strain range response.
Based on the above observation, the cyclic hysteresis loop was
approximately stabilized after the ﬁrst few cycles. Hence, the hys-
teresis loop from near half the cycles to failure is used to represent
the stable behavior in this study. Furthermore, using Hook’s law,
the stable plastic strain range Dep can be determined by examining
the deﬁned stable hysteresis loop. Moreover, a power law relation
could be used to express the relationship between the applied
stress amplitude and stable plastic strain amplitude response.
The correlation is referred to as the cyclic stress–strain curve.
The relationship is expressed as follows:Dr=2 ¼ KðDep=2Þn ð1Þ
The constant, K, is the cyclic strength coefﬁcient and exponent,
n, is the cyclic strain hardening exponent. Similarly, the tensile
stress–strain curve can be simulated by the power law expression.
But the constant, K, represents the strength coefﬁcient and expo-
nent, n, represents the strain hardening exponent. For comparison,
the experimental and simulated tensile stress–strain curves; and
the ﬁtted cyclic stress–strain curves with no prior pre-strain, 5%,
8%, and 12% level pre-strain were presented in Fig. 2. As shown
in Fig. 2, it is found that a good agreement exists between the sim-
ulated and experimental tensile stress–strain curves. Furthermore,
it is observed that the experimental curve in tension is always
higher than all cyclic stress–strain curves. The comparison indi-
cated that cyclic softening occurred during the cyclic deformation
for the as-received material and the extent of cyclic softening in-
creased with increasing of cyclic strain amplitude. Moreover, a
very clear and concise trend is also found that the magnitude in
strain amplitude increases slightly with increasing pre-strain level
under the same stress amplitude condition. The observation re-
vealed that the softening response increased with increasing pre-
strain level as compared to the softening response in as-received
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zero, 5%, 8%, and 12% tensile pre-strain levels of 430 Stainless Steel.
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second cycles from the specimen with prior pre-strain cycled at the
stress range of 760 MPa. As shown in Fig. 3, it is clearly that the
hysteresis loops at the ﬁrst and second cycles are open; and the
gap in hysteresis loop from the ﬁrst cycle to the second cycle is de-
creased. Meanwhile, the point C2 was located on the left side of the
point C1 in this diagram. It represents that cyclic hysteresis loop
moves towards the left-hand side of the diagram. From the view
of engineering, the segment OC2 shown in Fig. 4 represents the
shortened amount in strain for the specimen after 2 cycles as com-
pared to the original specimen. The observation implied that the
specimen from the as-received material would be shortened in
length with cycles during completely reversed cyclic loading. The
cyclic behavior is termed compressive cyclic creep behavior. Here,
the segment OCN on strain axis is referred to as the total creep
strain at the N cycle during the whole fatigue life of the material.
Essentially, in observing cyclic creep behavior, the cyclic total
creep strain is an important index since it can be used to trace
the eventual direction of cyclic creep and estimate the amount of
the residual deformation on material at any moment throughout
the whole fatigue life. Fig. 4 shows a plot of the total creep strain-0.5 -0.25 0 0.25 0.5
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Fig. 3. Cyclic hysteresis loops for initial two cycles for the as-received 430 Stainless
Steel at stress strange of 760 MPa.versus the number of cycles at six different stress ranges for the
as-received material. As shown in Fig. 4, the tested material dis-
played cyclic creep from the beginning of cycling at stress ranges
from 640 to 760 MPa. The amount of the cyclic total creep strain
increased with increasing numbers of cycles in the ﬁrst approxi-
mately 30 cycles and then remained almost constant. Moreover,
it was observed that higher stress range caused greater compres-
sive total creep strain response at the thousand cycles. Conse-
quently, a conclusion can be made that there exists an-isotropy
between tension and compression on the as-received tested mate-
rial and a compressive cyclic creep could be induced in all applied
cyclic loading. Generally speaking, the cyclic creep results from a
difference in the form of the stress–strain curves for successive half
cycle, and the difference between the strain hardening curves in
tension and compression determines the direction of cyclic creep
in next cycle. Experimental data of stress–strain hysteresis loops
which were recorded at the ﬁrst, 40th, and half-life cycles, respec-
tively, for specimens with the pre-strain levels of zero, 5%, and 8%
cycled at Dr = 720 MPa were plotted in Fig. 5(a)–(c); and cycled at
Dr = 6320 MPa for specimens with 12% pre-strain effect was
shown in Fig. 5(d). As plotted in Fig. 5(a)–(d), a very clear trend
was found that hysteresis loop moved towards the left-hand side
of the diagram as compared to the hysteresis loop at the ﬁrst cycle.
The observation revealed that a pronounced compressive creep ex-
isted in the tested steel with and without different pre-strain levels
in all applied loading cased. In order to realize the pre-strain effects
on the stable total creep strain, four kinds of stable total creep
strain were also plotted as a function of stress amplitude in
Fig. 6. A discernible trend could be observed in Fig. 6 that stable to-
tal compressive cyclic creep is found in all applied loading cases
and the magnitude in the stable compressive total creep strain in-
creased as the stress amplitude increased for the various values of
pre-strain. Moreover, the stable total compressive creep strain
scaled with increasing tensile pre-strains for same cyclic loading.
This was attributed to the fact that the larger the pre-strain, the
larger the an-isotropic behavior effect; and thus, the greater the
offset of the hysteresis loops from the origin.3.2. Effect of pre-strain on stress-life curve
A variation of the stress-life curve plot can be used to compare
the effect of pre-strain on the cycles to failure in this study. For the
stress-life curve, generally, the relationship between the applied
strain amplitude, ra, and the cycles to failure, Nf, under uni-axial
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Table 3
Summary of the experimental data at Rr = 1 with no prior pre-strain and three pre-
strain levels for 430 Stainless Steel.
Pre-strain (%) 0 5 8 12
Coefﬁcient 470.2790 749.5853 646.6243 880.8944
Exponent 0.0268 0.0741 0.0636 0.0901
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ship. The values of coefﬁcient and exponent needed in the power
function relationship can be obtained from a least squares ﬁt of
the data in log–log scale. For all applied tensile pre-strain levels,
both values of coefﬁcient and exponent used in the stress-life curve
were determined and summarized in Table 3. By utilizing the val-
ues of the parameters in Table 3, these semi-log stress-life curvesand data for the tested material with different pre-strain effects
are plotted together and shown in Fig. 7. As shown in Fig. 7, it is
found that the solid lines have good correlations with the corre-
sponding fatigue data. Furthermore, it is observed that the tensile
pre-strain causes a decrease in the number of cycles to failure un-
der the same loading amplitude condition as compared to the as-
received material. The extent of the decrease in fatigue life cycles
also increased with increasing tensile pre-strain level. This could
be attributed to the early occurrence of the fatigue crack initiation
and propagation due to the applied tensile pre-strain effect, result-
ing in decreased cycles to failure.
3.3. Fatigue life prediction
It should be noted that the previously applied tensile pre-strain
to the tested material would lead to a change in the number of cy-
cle to failure, Nf, as compared to the as-received tested material.
Simultaneously, it is found that the number of cycles to failure de-
creased with an increase in the tensile pre-strain level under the
same cyclic loading condition. Consequently, in fatigue life predic-
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fatigue damage parameter, which takes account of the pre-strain
effect on fatigue life. In addition, it is observed that the fatigue
damage is governed by the history of the cyclic hysteresis loop.
Therefore, damage parameter based on the energy could be appro-
priate to predict the fatigue life with different levels of pre-strain
under fully reversed cyclic loading. In this paper, three types of
the energy based damage parameters are introduced to perform fa-
tigue life predication with tensile pre-strain effect. They are the
stable plastic strain energy density, DWp; the total plastic strain
energy, Wf; and the S.W.T. damage parameter, raea; respectively.
For the DWp damage parameter approach, essentially, it utilizes
the plastic strain energy from the enclosed area within the stable
hysteresis loop curve as a damage parameter.
In this paper, using the experimental results from fatigue tests
on the as-received tested material, the DWp  Nf relationship can
be ﬁtted by the least square technique and computed to be
DWpðMJ=m3Þ ¼ 126:1484ðNf Þ0:5024 ð2Þ
Eq. (2) is employed to predict the number of cycles to failure
with different pre-strain effects. The predicted results using the
DWp  Nf relationship are compared with experimental data in
Fig. 8. It should be pointed out that the diagonal line in Fig. 8 indi-
cates a perfect agreement. The interval in both dashed lines repre-
sents a scatter of the bound of factor 2 in cycles to failure. The
points above the diagonal line are non-conservative prediction,
whereas those lying below the diagonal line are conservative pre-
diction. As shown in Fig. 8, it can be seen that most of points are
located within the bound of factor 2, only two points are out of
the bound. Based on the comparison between the predicted and
experimental results, the conclusion is made that fatigue damage
parameter, DWp, is capable of yielding reasonable life predictions
for 430 Stainless Steel with a tensile pre-strain effect. As is well
known, the total plastic strain energy, Wf, is the sum of the areas
of these loops. Generally, the magnitude inWf is equal to the prod-
uct of DWp and Nf based on the assumption that the shape of hys-
teresis loop remains invariable throughout the fatigue life. The
approximately value of Wf would be used to establish the Wf  Nf
relationship to perform the prediction of fatigue life with different
pre-strain effects in this paper. Similarly, a power function is used
to develop the relationship between Wf and Nf. The ﬁtted results is
expressed as
Wf ðMJ=m3Þ ¼ 91:6838ðNf Þ0:4973 ð3ÞUsing Eq. (3), the fatigue life predicted by the Wf damage
parameter can be calculated and plotted against the corresponding
experimental life in Fig. 9. As shown in Fig. 9, a reasonably good
agreement is found between the predicted and experimental cycles
to failure. Consequently, it can be inferred that the damage param-
eter, Wf, is a suitable parameter in fatigue life prediction with ten-
sile pre-strain effect. Considering the S.W.T. damage parameter, a
log–log plot of the value of raea versus the corresponding cycles
for Nf can be approximated by a straight line and the raea  Nf rela-
tionship is found to be:
raeaðMJ=m3Þ ¼ 3:5817ðNf Þ0:1240 ð4Þ
Fig. 10 compares the predicted life results with the correspond-
ing experimental results. It can be seen that most of the data points
fall within the bound of factor 2. Based on the compassion shownf
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ters can provide a satisfactory prediction accounting for the tested
material with tensile pre-strain effects under stress controlled.4. Conclusion
The tensile pre-strain effects on the fatigue behavior and resis-
tance of the 430 Stainless Steel were investigated in this paper.
Based on the discussion in the preceding section, some conclusions
can be drawn as follows:1. The cyclic softening behavior occurred during the cyclic defor-
mation in all cases and the softening response increased with
increasing pre-strain level as compared to the softening
response in as-received condition.
2. The as-received 430 Stainless Steel existed an evident an-isot-
ropy between tension and compression, and a compressive cyc-
lic creep could be induced in all applied cyclic loading.
3. The stable total compressive creep strain scaled with increasing
tensile pre-strains under the same stress amplitude condition.
4. The tensile pre-strain effect caused a decrease in number of
cycles to failure under the same stress amplitude condition
and the extent of the decrease in fatigue life cycles also
increased with increasing tensile pre-strain level.
5. Based on the compassion shown in Figs. 8–10, the three damage
parameters that are DWp, Wf, and raea can provide a satisfac-
tory prediction accounting for the tested material with a tensile
pre-strain effect.
References
Froustey, C., Lataillade, J.L., 2008. Inﬂuence of large pre-straining of aluminium
alloys on their residual fatigue resistance. Int. J. Fatigue. 30, 908–916.
Giacometti, E., Guyot, P., Baluc, N., Bonneville, J., 2001. Plastic behaviour of
icosahedral Al–Cu–Fe quasicrystals: experiment and modeling. Mater. Sci. Eng.
A. 319, 429–433.
Kang, M., Aono, Y., Noguchi, H., 2007. Effect of prestrain on and prediction of fatigue
limit in carbon steel. Int. J. Fatigue. 29, 1855–1862.
Mall, S., Nicholas, T., Park, T.W., 2003. Effect of predamage from low cycle fatigue on
high cycle fatigue strength of Ti-6Al-4V. Int. J. Fatigue. 25, 1109–1116.
Ratchev, P., Verlinden, B., De Smet, P., Van Houtte, P., 1998. Effect of cooling rate and
predeformation of the precipitation hardening of an AL-4.2 wt.% Mg-0.6 wt.% Cu
Alloy. Scripta Matell. 38, 1195–1201.
Robertson, L.T., Hilditch, T.B., Hodgson, P.D., 2008. The effect of prestrain and bake
hardening on the low-cycle fatigue properties of TRIP steel. Int. J. Fatigue. 30,
587–594.
Waterloo, G., Hansen, V., Gjønnes, J., Skjervold, S.R., 2001. Effect of predeformation
and preaging at room temperature in Al–Zn–Mg–(Cu, Zr) alloys. Mater. Sci. Eng.
A. 303, 226–233.
Whittaker, M.T., Evans, W.J., 2009. Effect of prestrain on the fatigue properties of
Ti834. Int. J. Fatigue. 31, 1751–1757.
